Abstract: Ts3 is an alpha scorpion toxin from the venom of the Brazilian scorpion Tityus serrulatus.T s3 binds to the domain IV voltage sensor of voltage-gated sodium channels (Na v )and slows down their fast inactivation. The covalent structure of the Ts3 toxin is uncertain, and the structure of the folded protein molecule is unknown. Herein, we report the total chemical synthesis of four candidate Ts3 toxin protein molecules and the results of structure-activity studies that enabled us to establish the covalent structure of biologically active Ts3 toxin. We also report the synthesis of the mirror image form of the Ts3 protein molecule,a nd the use of racemic protein crystallography to determine the folded (tertiary) structure of biologically active Ts3 toxin by X-ray diffraction.
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Ts3 is an alpha scorpion toxin protein natural product isolated from the venom of the Brazilian scorpion Tityus serrulatus.
[1] Alpha scorpion toxins belong to the family of gating-modifier proteins that act on voltage-gated sodium channels (Na v ), and they mainly bind to the loop connecting S3 and S4 in Na v domain IV. [2, 3] Upon binding to the Na v channel proteins,t hese toxins inhibit the fast inactivation of Na v channels without dramatically affecting activation of the channels. [4] [5] [6] [7] [8] Prior to the work in this paper,t here was no X-ray or NMR structure of the Ts3 protein. Furthermore,t here is confusion in the literature regarding the Cterminus of the Ts3 polypeptide chain:some papers state that the active Ts3 toxin has 62 amino acid residues, [9] while others state it has 64 amino acid residues. [10, 11] From analysis of the gene sequence, Martin-Eauclaire et al. proposed that the 64-residue Ts3 toxin polypeptide chain should terminate as the carboxamide. [10] In the same paper, they also suggested there could be three different C-terminal candidates for the correct sequence of the Ts3 toxin protein. [10] To resolve this confusion and to determine the amino acid sequence and covalent structure of active Ts3 toxin, our first task was to prepare the three proposed Ts3 polypeptide chains,t ogether with the precursor polypeptide chain Ts3(1-67) (Scheme 1a), in order to determine which if any of these polypeptides folds to form biologically active Ts3 toxin. We have previously reported total synthesis of the Ts1 toxin protein molecule, [12] but that experience was of limited use for the current work. Although isolated from the same scorpion venom, Ts3 and Ts1 toxins are very different protein molecules:t hey have distinct biological activities-Ts1 is ab eta scorpion toxin while Ts3 is an alpha scorpion toxin; there is little sequence homology between the two polypeptide chains (only 16/53 conserved non-Cys residues; Figure 1 ) and the Ts3 polypeptide chain has much greater structural ambiguity at its Cterminus than was the case with the Ts1 toxin. [12] Although the Ts3 and Ts1 toxins do share aconserved pattern of eight Cys residues in the amino acid sequence of their polypeptide chains (Figure 1) , it has been shown that, even where the pattern of Cys residues is conserved, scorpion venom proteins can have distinct tertiary structures. [13] Total chemical synthesis of the candidate Ts3 polypeptide chains was carried out by using amodular approach as shown in Scheme 1b.N ative chemical ligation (NCL) sites were chosen at -Tyr 23 -Cys 24 -a nd -Tyr 46 -Cys 47 -s ot hat, after preparation of the C-terminal peptide variants,t he peptide segments used were of similar length (23;2 3; and 16, 18, 20, or 21 amino acids). Peptide segments were synthesized as described in the Supporting Information (Figures S1-S9) . tions (see the Supporting Information) for making each of the four full-length candidate Ts3 polypeptide chains were essentially similar ( Figures S10-12) .
Folding the synthetic Ts3 polypeptide chains turned out to be extremely challenging.C onventional conditions with at hiol/disulfide redox couple,t ogether with al ow concentration of the chaotrope Gu·HCl to keep misfolded/mispaired disulfide intermediates in solution, did not produce any discrete folded product. Nor did the folding conditions we had previously developed for Ts1. [12] Addition of 20 % v/v DMSO to the redox buffer gave acceptable yields of discrete folded products of mass 8Dal ess than that of the corresponding polypeptide chains,w hich indicates the formation of four disulfide bonds.A fter careful optimization, the final folding conditions used were:[ polypeptide] 0.02 mg mL À1 ;2 .0 mm GSH/1.0 mm GSSG;0 .5 ml -arginine·HCl;1 .0 mm EDTA; 0.1m Tr is,2 0% DMSO,p H8.5;r oom temperature.D ata for the folding of Ts3(1-64)-CONH 2 are shown in Figure 2b . Using these conditions,w ew ere able to fold all four Ts3 candidate polypeptide chains,with concomitant formation of 4d isulfides in each case as shown by the loss of 8Da. Analytical LCMS data for the four variant synthetic candidate Ts3 proteins are shown in Figure S13 .
Structure-activity profiles of the four candidate Ts3 protein molecules were evaluated by the fast inactivation decay rate of sodium currents recorded from heterologously expressed rat skeletal muscle voltage-gated sodium channels (rNa v 1.4) in the presence of 210 nm of each protein (5 min incubation at aholding potential of À90 mV; Figure 3 ). TheTs3(1-64)-CONH 2 protein showed obvious disruption of rNa v 1.4 fast inactivation (Figure 3a) , while the other three protein molecules showed minimal effects.O n treatment with Ts3(1-64)-CONH 2 protein, fast inactivation decay of rNav1.4 became slower in ad ose-dependent manner (Figure 3b) . Theeffect saturated at concentrations between 210-2100 nm,w hich is consistent with previous reports using Ts3 toxin isolated from scorpion venom. [8] The Ts3(1-64)-CONH 2 protein can thus be presumed to be the principal toxic component of natural Ts3 toxin isolated from scorpion venom.
With the covalent structure of biologically active Ts3 protein in hand, we set out to determine its folded structure by X-ray crystallography.Crystallization of l-Ts3(1-64)-CONH 2 toxin protein was problematic, so racemic protein crystallization was used. [14] [15] [16] Preparation of the d-Ts3(1-64)-CONH 2 polypeptide chain and its folding were as described for the l-protein enantiomer ( Figures S14-16 ). Crystallization trials using the Hampton Index (HR2-144) screen and ar acemic mixture at 10 mg mL À1 (5 mg mL À1 of l-Ts3(1-64)-CONH 2 toxin plus 5mgmL À1 of d-Ts3(1-64)-CONH 2 protein) produced diffraction-quality crystals from as ingle condition [0.1m BIS-TRIS pH 6.5, 28 % w/v Polyethylene glycol monomethyl ether 2000 at 19 8 8C] after three weeks.
Diffraction data were collected from the racemic d/lprotein crystal at an energy level of 12.6 keV using the NECATb eamline 24-ID-E at the Advanced Photon Source at Argonne National Laboratory.Reasonably complete diffraction data were collected to aresolution of 1.93 . Diffraction intensity statistics revealed that the racemic d/l-protein crystallized in space group P " 1, with one enantiomer in the asymmetric unit. TheX -ray structure of racemic d/l-Ts3(1-64)-CONH 2 protein was solved by molecular replacement [17] using the scorpion toxin LQH-alpha-IT (PDB ID:2 ASC) as as earch model. Thef inal model was refined to ac rystallographic R factor of 0.26 (R free 0.30) using Phenix. [18] Note that this centrosymmetric R factor corresponds to ac onventional R factor that is approximately 33 %s maller (i.e. R factor % 0.20). [19] Thep acking of the d-Ts3(1-64)-CONH 2 and l-Ts3(1-64)-CONH 2 proteins in the unit cell is shown in Figure 4a ,w ith the two enantiomeric molecules in the unit cell.
As shown by comparison with the structures of the prototypical alpha scorpion toxins LQH-a-IT and Aah2 (PDB ID:1 AHO), the Ts3(1-64)-CONH 2 protein has at ypScheme 1. Synthesis of candidate Ts3proteins. a) Sequences of candidate Ts3polypeptide chains. [9, 10] b) Amodular synthetic strategy based on native chemical ligation for preparation of the four candidate Ts3polypeptidechains. "C-terminus" is one of the four candidates listed in Scheme 1a.
ical alpha scorpion toxin fold made up of an a-helix (residues 21-31) packed against at hree-stranded antiparallel b-sheet (residues 2-4, 35-39, 44-50;F igure 4b). Alpha scorpion toxins have two surfaces that interact with the Na v channel: a" core domain", formed by loop residues that connect the secondary structure elements,a nd an "NC domain", formed by afive-residue turn near the Nterminus (residues 8-12) and the C-terminal region. [21] In the core domain of Ts3, the Tyr 19 side chain was found to overlap with the side chain of the functionally important Tr p 38 of other alpha scorpion toxins (Figure 4c ). TheN Cdomain of Ts3 is quite similar to the NC domain of the other members of the alpha scorpion toxin family in terms of both structure (Figure 4d) , and surface electrostatics.The C-terminal region of Ts3 and similar alpha scorpion toxins is heavily populated with multiple positively charged residues.T he side chains of the conserved Asn 11 and Lys 57 of Ts3 form ahydrogen-bonding network with the mainchain amide at the Cterminus which, together with adisulfide bond at Cys 62 ,holds the Cterminus in position for interacting with the sodium channel (Figure 4e) .
Arobust total synthesis of the Ts3 protein using amodular synthetic strategy enabled us to prepare the four suggested covalent structures for the Ts3 toxin. Correlating biological activity measurements with the known structures of these synthetic proteins verified the covalent structure of biologically active Ts3 toxin. By using racemic protein crystallization, diffraction-quality crystals of racemic Ts3 protein were obtained, and from the resulting X-ray diffraction data we determined the three-dimensional structure of biologically active Ts3 toxin. Thec ovalent and tertiary structures of biologically active Ts3 toxin reported herein constitute essential information for future work aimed at developing the Ts3 protein as abiophysical probe of the Na v channel [22] in order to complement and extend the information obtained by using labeled Ts1 neurotoxin. [23] 
